Abstract: Four novel heat-stable bacteriocin-like substances were found to be produced by Geobacillus stearothermophilus strains isolated from oil-wells in Lithuania. Geobacillus stearothermophilus 32A, 17, 30 and 31 strains were identified as producers of bacteriocins with bactericidal activity against closely related Geobacillus species and several pathogenic strains: Bacillus cereus DSM 12001 and Staphylococcus haemolyticus P903. The secretion of the analysed bacteriocins started during early logarithmic growth and dropped sharply after the culture entered the stationary phase of growth. The antimicrobial activity of the bacteriocins against sensitive indicator cells disappeared after treatment with proteolytic enzymes, indicating their proteinaceous nature. Bacteriocins were stable throughout the pH range between 4 and 10, and no loss in activity was noted following temperature exposures up to 100ºC. Direct detection of antibacterial activity on SDS-PAGE suggests that the inhibitory peptides have a molecular weight of 6 -7.5 kDa. Such bacteriocins with broad activity spectra, including antipathogenic action, are attractive to the biotechnology industry as they could be used as antimicrobial agents in medicine, agriculture and food products.
Introduction
Bacteriocins are ribosomally synthesized bacterial proteins or peptides. They are produced by different groups of bacteria, which inhibit strains and species that are usually, but not always, closely related to the producing bacteria [1] . Cotter et al. [2] divides all bacteriocins produced by gram-positive bacteria into two groups. Class I are lantibiotics containing modified amino acids such as lanthionine and β-methyllanthionine, as well as several dehydrated amino acids. Class II are non-lanthionine containing bacteriocins. Neither large, heat-stable bacteriocins (termed bacteriolysins) nor nonprotein moieties carrying bacteriocins are included in this classification [2] . There are only a few major classification schemes for separate bacteriocins produced by different groups of bacteria, such as lactic acid bacteria (LAB) and Enterecoccus spp. The classification of bacteriocins produced by LAB developed by Klaenhammer [3] and Jack et al. [4] incorporates the chemical structure, heat stability, molecular mass, enzymatic sensitivity, presence of modified amino acids and mode of action of these chemicals. Four classes of LAB bacteriocins are distinguished [5, 6] . The LAB scheme places circular bacteriocins in a new group -class V [7] . Bacteriocins produced by Enterococcus spp., called enterocins, are divided into four classes [8] . All classification schemes include lantibiotics in class I and non-lantibiotic small peptides in class II. There are differing opinions about, whether large bacteriocins and cyclic bacteriocins should be classified as separate classes or grouped with other bacteriocins [2, 3, 7, 8] .
Bacteriocins produced by gram-positive bacteria have attracted attention because of their potential use as food preservatives [9] [10] [11] [12] [13] , in agriculture [14] , and in medicine [15] [16] [17] . Such bacteriocins can be used to cover surfaces of food packages to protect food from pathogens [13] . Some strains are widely used in agriculture for the control of many insect pathogens [14] and as antimicrobials in pharmaceuticals used topically [15] [16] [17] . Antimicrobial compounds are also produced by gram-positive thermophilic endospore forming bacteria G. thermoleovorans [18] and G. stearothermophilus [19] , which produce bacteriocins such as thermoleovorins and thermocins. However, the importance and industrial value of bacteriocins produced by gram-positive thermophilic endospore-forming bacteria have been largely underestimated. Identification of new Bacillus and Geobacillus bacteriocin producers is currently a major objective in bacteriocin research for these reasons. In the present study, the partial characterization of four new bacteriocins produced by thermophilic grampositive bacteria (G. stearothermophilus 17, 30, 31 and 32A strains) is reported. These bacteriocins are active not only against closely related Geobacillus species, but also inhibit some pathogenic gram-positive and gramnegative bacteria.
Experimental Procedures
Bacteriocin producers (G. stearothermophilus 32A, 17, 30 and 31) were isolated from oil-wells in Lithuania and identified on the basis of analysis of 16S rDNA and DNA-DNA hybridization (DNA-DNA similarity with G. stearothermophilus DSM 22 T was above 70%). All strains were cultured aerobically in NB medium (Biocar Diagnostic, Nutrient Broth) and in modified M9 (mM9) medium containing amino acids, vitamins [20] and 0.25% glucose at 60°C. Solid medium was prepared by adding 2% agar to the broth.
The spot-on-lawn method was used to determine the inhibitory activity of secreted bacteriocins towards gram-positive and gram-negative bacteria. The tests were performed as described previously [21] . A clear inhibition zone no less than 2 mm in diameter was recorded as positive (i.e. inhibitory activity). The residual bacteriocin activity was assayed by the modified agarwell diffusion method [22] , using plates of nutrient agar (Biocar Diagnostic, Nutrient Agar). G. stearothermophilus NUB3621R was used as an indicator in the test for antimicrobial activity. Overnight cultures of the indicator strain were used to inoculate agar growth media (10 6 CFU ml -1 ) maintained at 60°C and poured onto Petri dishes. After solidification, wells of 5 mm diameter were cut into agar plates and filled with 150 μl of serial twofold dilutions of crude antibacterial preparation (CABP; preparation of CABP is described below). Plates were examined for the presence of an inhibition halo after 12 h of incubation at 60°C. The titer was defined as the reciprocal of the highest dilution showing definite inhibition of the indicator lawn and was expressed in activity units (AU) per milliliter.
Bacteriocin producer strain was inoculated (5%, v/v) into 50 ml sterile mM9 prepared in 50 mM Tris-HCl buffer (pH 7.8), and the seeded culture was transferred into the 60°C thermostat. Samples were aseptically removed every 2 hours to determine cell growth, total amount of proteins and bacteriocin activity. Cell growth was monitored spectrophotometrically (A 600 ) and bacteriocin activity of the culture broth was evaluated by the method described previously by Hyronimus et al. [22] . Protein content was determined by the Bradford method using bovine albumin as a standard [23] .
Cells were collected from a 10 h culture by centrifugation at 4000 g for 20 min at 20°C and the bacteriocin-containing supernatant fluid was recovered. Solid ammonium sulfate was slowly added to 60% saturation at 20°C and left overnight for constant stirring. Precipitated proteins were pelleted by centrifugation (15400 g for 30 min, 20°C), resuspended in 50 mmol l -1 Tris-HCl buffer (pH 7.5/20°C) and extensively dialyzed against the same buffer for 21 h in Pierce dialysis tubing (molecular weight cut-off, 3500). The insoluble material from the dialyzate was removed by centrifugation (15000 g for 30 min, 20ºC). The resultant solution was designated as crude antibacterial preparation. At each step of the partial purification, bacteriocin activity was assayed against G. stearothermophilus NUB3621R and 35C indicator strains.
Partially purified bacteriocins were treated with various enzymes at a final concentration of 1 mg ml -1 . Enzymes proteinase K, α-chymotrypsin, papain, trypsin (Merck, Germany), ficin, α-amylase and β-chymotrypsin (Sigma, USA) were dissolved in buffers as recommended by the supplier. Untreated bacteriocin plus buffer, buffer alone and enzyme solutions served as controls. During enzymatic treatment the samples were incubated at an appropriate temperature (according to the manufacturer's instructions) for 3 h. The samples were then subjected to cut-well agar assay directed against related thermophilic indicator strains. The pH stability was estimated in partially purified bacteriocins by a modified method (Paik et al. 1997 ) after storage of CABP for 2 h at 4ºC in 100 mmol l -1 phosphate and 50 mmol l -1 citrate buffers mixed to produce buffers of pH from 3 to 6 or 50 mmol l -1 Tris-HCl buffer to produce buffers of pH 7-10. The pH of bacteriocins was adjusted to neutral before testing their antimicrobial activity. In order to determine the effect of temperature on bacteriocin activity, aliquots (500 μl) of partially purified bacteriocins were incubated at various temperatures (4°C, 20°C, 70°C, 80°C, 90°C and 100°C) for 30 min or at 121°C for 15 min. The residual bacteriocin activity was determined by the modified well-diffusion method.
To estimate the molecular weight of partially purified bacteriocins, SDS-PAGE was performed on 15% discontinuous gel using protein molecular weights standard (Prestained Protein Ladder, ~10-180 kDa; Fermentas). The bacteriocin sample was mixed with the loading buffer at a 3:1 ratio under non-reducing conditions. A solution of 6% DTT (dithiothreithol; BioRad) was added to the loading buffer under reducing conditions. Electrophoresis was performed in a vertical slab gel apparatus with a buffer system at a constant voltage (50 mA) for 2 h. Half of the gel was stained with a silver stain [24] , while the other half was assayed for bacteriocin activity applying the direct method described previously by Cleveland et al. [25] . This portion of the gel was fixed for 2 h in 20% propanol and 10% acetic acid and soaked for at least 4 h in sterile deionised water. Then it was aseptically placed in a sterile Petri dish and covered with 30 ml of soft agar medium containing 10 6 CFU ml -1 of indicator strains. The plate was incubated at 60°C for 12 h and examined for zones of inhibition.
Results

Production of bacteriocins
G. stearothermophilus 17, 30, 31 and 32A showed extracellular inhibitory activity against closely related G. stearothermophilus NUB3621R strain in NB and mM9 media. For convenience, the mM9 medium was chosen for further research of bacteriocin-like substances (BLIS) activity. The secretion of the BLIS began at the fourth hour of growth and its activity reached a maximum after 10 h of incubation. Secretions dropped sharply after the culture entered the stationary phase of growth. Kinetics of bacteriocin production during the growth of G. stearothermophilus 32A is shown in Figure 1 . Production of BLIS seems to follow typical kinetics of primary metabolite synthesis.
Partial purification of bacteriocins
The antimicrobial substances produced by studied strains were purified to CABP from a late-logarithmicphase growing culture. Bacteriocin of each strain (G. stearothermophilus 32A, 17, 30 and 31) was secreted into the growth media up to a level of approximately 427, 213, 53 and 107 AU ml -1 , respectively. Partially-purified preparations of produced bacteriocins were made by 60% ammonium sulfate precipitation and subsequent dialysis. Optimal recovery of activity was obtained in the samples of late-logarithmic phase cultures. The following activity assay using serial two-fold dilutions showed that bacteriocins activity of G. stearothermophilus 32A, 17, 30 and 31 strains appeared to be of approximately 853, 13652, 427 and 853 AU ml -1 , respectively. Subsequent dialysis did not result in the BLIS activity increase of the G. stearothermophilus 32A, 17 and 31 strains. Bacteriocin activity of the G. stearothermophilus 30 strain increased from 427 AU ml -1 to 13652 AU ml -1 after dialysis. The analyzed strains seem to split into two groups: total activity as well as specific activity of the bacteriocins produced by strains 17 and 30 were similar and were 16 times more active than antibacterial substances produced by G. stearothermophilus 32A and 31 strains.
Effect of various enzymes, pH and temperature
In order to analyze the stability of BLIS, its sensitivity to enzymatic treatment, pH, low and high temperatures were examined. Sensitivity of bacteriocins inhibitory activity was carried out by subjecting the CABP to different proteolytic enzymes, such as trypsin, α-chymotrypsin, β-chymotrypsin, proteinase K, ficin, papain and amylolytic enzyme α-amylase ( Time ( activity of BLIS produced by G. stearothermophilus 32A, 17 and 31 was completely inactivated by proteinase K. However, only a slight decrease of activity was observed when the BLIS of G. stearothermophilus 32A and 31 strains were treated with other proteolytic enzymes. The inhibitory activity of the G. stearothermophilus 30 strain was the most resistant to enzymatic treatment; it had susceptibility only to papain. The antibacterial substance produced by the G. stearothermophilus 17 strain was the most sensitive; it was inactivated completely by proteinase K, α-amylase, α-chymotrypsin and trypsin. No loss in activity was noted following temperature exposure up to 100ºC. Complete loss of activity was observed following exposure to 121ºC for 15 minutes. Storage of CABP of antibacterial substances at low temperatures did not appear to alter their activity. All examined strains retain most of their biological activity within the pH range of 4-10. Only bacteriocin produced by G. stearothermophilus 17 strain was less stable within the acidic pH range. When examined together, the above characteristics suggest that the produced antibacterial substances are bacteriocin-like inhibitory compounds.
Molecular weight of bacteriocins
Molecular mass of partially purified bacteriocins was examined by Glycine-SDS-polyacrylamide gel electrophoresis followed by silver staining. Among several contaminating proteins, which were present in partially purified samples, bands corresponding to bacteriocins were identified by direct detection of their antimicrobial activity [25] . The bacterial activity of examined CABP samples of G. stearothermophilus 32A and 17 strains was associated with the bands of apparent molecular masses of 7.2 and 6.9 kDa, respectively, as estimated by calculating the different rf values of standard proteins. SDS-PAGE did not reveal specific bands corresponding to the active bacteriocins produced by strains 30 and 31. However, those bacteriocins could be localized by biological activity when overlaid with indicator strain cells in soft agar. This result demonstrates that the concentration of bacteriocins in the gel was too low for their visualization even though the concentration was sufficient for the display of biological activity. The molecular weights of the latter bacteriocins were 5.6 and 7.1 kDa, respectively. Bacteriocins of G. stearothermophilus 32A, 17 and 30 strains lost their activity after treatment with DTT. SDS-PAGE analysis and direct detection of bacteriocin activity produced by G. stearothermophilus 32A strain are shown in Figure 2 .
Antimicrobial spectrum
In order to analyze the antimicrobial spectrum of each BLIS, G. stearothermophilus strains 32A, 17, 30 and 31 were tested against a variety of gram-positive and gram-negative bacteria by spot-on-lawn agar assay. All examined strains have a narrow spectrum of activity against all Geobacillus strains ( 
Discussion
Recently a variety of antagonistic factors including metabolic end-products, antibiotic-like compounds, and bacteriocins, mostly produced by lactic acid bacteria, have attracted attention for their potential use in food and biomedical fields. They have been used to control spoilage and pathogenic microorganisms [26] [27] [28] [29] [30] and to protect and cure animals from diseases caused by harmful microorganisms [2, 17] . We were able to identify and partially purify bacteriocins produced by G. stearothermophilus strains isolated from oil-wells in Lithuania which show promise in controlling such organisms. Bacteriocin production appeared to be constitutive during exponential-phase growth and had a linear relationship with biomass ( Figure 1 ). The highest bacteria yield was reached at the end of the exponential phase and the production of bacteriocin stopped when cells entered the stationary phase. The properties of the analyzed antibacterial substances differ from those of secondary metabolites [31, 32] . Our results are similar to those described for lichenin produced by B. licheniformis 26 L-10/3RA [33] , megacin Cx produced by B. megaterium [34] , thermoleovorins produced by G. thermoleovorans [18] , entomocin 9 produced by B. thuringiensis subsp. [39] . Treatment with α-amylase inactivated the bacteriocin produced by strain 17, confirming that a carbohydrate moiety is essential for the bacteriocin activity. This is similar to results found for other bacteriocins produced by G. stearothermophilus NU-10 [36], B. megaterium [34] and B. polyfermenticus SCD [38] . Susceptibility of bacteriocin produced by G. stearothermophilus 30 strain only to papain differentiates it from the earlier described bacteriocins. Results obtained from enzymatic treatment showed that bacteriocins produced by G. stearothermophilus strains 17 and 30 vary not only between themselves, but also differ from the antimicrobial peptides produced by G. stearothermophilus 32A and 31 strains. Different sensitivity of bacteriocins to protease indicates their differences in amino acid sequences and leads us to speculate that at least bacteriocins secreted by strains 17 and 30 differ from those of 32A and 31. The resistance of analyzed bacteriocins to high temperatures was similar to that of ericin [40] , thuricin 7, cerein 7, bacilocin 490 [9] . The pH stabilities of bacteriocins produced by our strains were similar to those of cerein GN105 produced by B. cereus GN105 [41] .
Following partial purification, the BLISs were subjected to electrophoresis on a 15% discontinuous polyacrylamide gel under non-reducing and reducing conditions. The loss of bacteriocin activity produced by G. stearothermophilus 32A, 17 and 30 strains after treatment with DTT suggests that these antibacterial substances require a conformational structure generated by one or two disulfide bonds. This is similar to the class IIa bacteriocins of LAB. This disulfide bond structure could explain the high thermostability of the analyzed bacteriocins. The inability of Silver stain to reveal active bands, which we found for bacteriocins produced by G. stearothermophilus strains 30 and 31, has also been observed for gassericin KT7 [42] , staphylococcin BacR1 [43] and acidophilin 801 [44] . These results differentiate bacteriocins of G. stearothermophilus strains 30 and 31 from those produced by our other analyzed strains. Estimated molecular weights of the studied antibacterial peptides produced by G. stearothermophilus 17, 30, 31 and 32A strains (6.8, 5.6, 7.1, and 7.2 kDa, respectively) differ from all bacteriocins produced by endospore-forming strains described previously [1, 9, [14] [15] [16] 18, [33] [34] [35] [36] [38] [39] [40] [41] .
The individual inhibitory spectra of our analyzed bacteriocins differed from each other but each had a broad spectrum. Such broad inhibitory spectra are uncommon in either the known B. cereus group of bacteriocins (whose activity spectra only include closely related species) or for other bacteriocins in general.
In conclusion, G. stearothermophilus 17, 30, 31 and 32A strains were shown to produce small bacteriocin-like substances. Comparison of their characteristics (antibacterial spectrum, sensitivity to enzymes, pH, and molecular weight) indicates that the examined antibacterial substances were four different bacteriocins. When compared with the properties of other known bacteriocins, the studied substances seem to differ from bacteriocins identified previously. Based on their unique physical and biological characteristics we can conclude that these substances are novel bacteriocins that have not been described in current literature. We named these bacteriocins thermocins 17, 30, 31 and 32A respectively. Further research is being conducted to determine the structure and genetic determination of the studied bacteriocins.
